At the zonal scale (e.g. a city or town), random daytime (RDT) sampling succeeded in demonstrating both the need for corrective action and the benefits of optimised orthophosphate dosing for plumbosolvency control, despite initial concerns about sampling reproducibility. Stagnation sampling techniques were found to be less successful. Optimised treatment measures to minimise lead in drinking water, comprising orthophosphate at an optimum dose and at an appropriate pH, have succeeded in raising compliance with the future European Union (EU) lead standard of 10 μg/L from 80.4% in 1989-94 to 99.0% in 2010 across England and Wales, with compliance greater than 99.5% in some regions. There may be scope to achieve 99.8% compliance with 10 μg/L by further optimisation coupled to selective lead pipe removal, without widespread lead pipe removal. It is unlikely that optimised corrosion control, that includes the dosing of orthophosphate, will be capable of achieving a standard much lower than 10 μg/L for lead in drinking water. The experience gained in the UK provides an important reference for any other country or region that is considering its options for minimising lead in their drinking water supplies.
INTRODUCTION
As reviewed by Troesken () , episodes of lead poisoning linked to drinking water were frequently recorded in medical journals during the nineteenth and early twentieth centuries. The issue then faded into history until the early 1970s, when health studies demonstrated a link between elevated concentrations of lead in drinking water and elevated blood lead levels in the Glasgow area (Beattie et al. ) . At the time, water supplies to Glasgow were drawn from a loch in the nearby mountains with no treatment other than chlorination. The water was slightly acidic, had very little alkalinity and was slightly coloured from humic substances (organic acids that leach from peaty land) and in consequence was highly corrosive. Much of the housing at the time comprised apartment blocks with extensive internal lead piping and also lead-lined storage tanks.
These extreme circumstances were perceived as being atypical and problems with lead in drinking water were not recognised elsewhere in the UK. However, the UK Government prompted surveys in 1975 and 1977 , which demonstrated that problems were being experience throughout the country in relation to the World Health Organization (WHO) guidelines at the time (100 μg/L not to be exceeded in any sample, 300 μg/L not to be exceeded after more than 16 hrs stagnation). As an example, a survey in the Eastern region of England in 1977 (Greene ) , based on 1,500 random daytime (RDT) samples (selected from all properties, regardless of pipe materials), found that 1% exceeded 300 μg/L and 10% exceeded 100 μg/L. All the water supplies in this region have a high alkalinity (typically, 200-300 mg/L as CaCO 3 ). Whilst the removal of all lead pipes is the ultimate goal, the very high cost (about £10 billion in the UK), problems with split ownership, likely long timescales and the scale of disruption involved prompted a national strategy for corrective action by water treatment measures as the logical first step to take. However, corrective water treatment is specific to individual water supply systems, as a function of water quality and housing circumstances, and it was therefore necessary to establish needs at this local level by surveying lead concentrations at the point of use, that is, at the consumers' taps. Surveys were undertaken across the UK at different times, linked to the step changes in the standard for lead in drinking water that were being implemented, and were not without problems.
Surveys based on random daytime sampling
In the UK, the preferred survey method has been RDT sampling. A RDT sample is the first litre drawn from the consumer's tap (normally, the cold water tap in the kitchen) without prior flushing, from a property selected at random, taken at a random time during the working day (normally defined as 0900-1700 hrs). RDT sampling has been the basis for assessing compliance with lead standards in the UK since 1989 (Department of the Environment ).
The first extensive surveys were undertaken over the period [1979] [1980] [1981] , following the recommendations of a Department of the Environment Expert Advisory Group.
RDT sampling was undertaken in water supply systems or sub-divisions thereof containing a maximum of 10,000 properties (equivalent to a population of approximately 25,000).
Results were plotted on a cumulative basis (see Figure 1 ) to determine if more than 2.5% samples exceeded 100 μg/L with at least 95% confidence, in which case corrective action was warranted. The use of statistical tools to interpret survey data of this type was certainly 'ground-breaking' and ahead of its time but has since only been used in Scotland to determine compliance (Scottish Executive ). However, the survey protocol was flawed as it did not specify the period over which samples should be obtained. Most water authorities and companies carried out their surveys over the winter months because staffing logistics were easier (more go on holiday during the summer). As is now known (International Water Association ), samples taken in the summer were twice as likely to fail than samples taken in the winter because of the influence of temperature on lead solubility. Many supply systems were not actually surveyed because it was considered at the time (erroneously) that a few representative systems could provide the wider picture. The surveys therefore underestimated the extent of problems in the UK and corrective actions were limited to pH elevation in some areas and the commencement of orthophosphate dosing trials in a few locations.
Almost a decade later, guidance to the regulations (Department of the Environment ) that implemented the first European Drinking Water Directive (80/778/EC) required compliance with the quality standards to be assessed for water supply systems, or zones within a system, with a population of no more than 50,000. Compliance with the then new lead standard of 50 μg/L (50 μg/L not to be exceeded in 'running water', 100 μg/L was the maximum permitted) had to be demonstrated in the UK by RDT sampling in each system/zone (in the UK, the 50 μg/L standard was adopted without qualification as a simple maximum value). Some water companies interpreted the method of assessing compliance to mean RDT sampling only from houses believed to have a lead pipe, whereas others interpreted this to mean RDT sampling from any house in a system/zone, with or without a lead pipe. water supply zone(s) supplied by the treatment works.
Optimisation was defined as the best practical reduction in lead concentrations and was taken to mean maintaining an optimum orthophosphate dose throughout a water supply system, within an optimum pH range. If pH and alkalinity control were proposed as the only treatment measures,
water companies had to demonstrate that an optimum dose of orthophosphate could not achieve a further significant reduction in lead concentrations; in practice, none did so.
References were made to increasing ortho-phosphate doses to overcome organic colour and the need to minimise corrosion of iron distribution systems.
The Information Letters implemented an optimisation
framework and the precise definition of an optimum orthophosphate dose was necessarily vague. It was indicated that the optimum dose of orthophosphate could be determined from laboratory tests, from full scale or pilot scale trials, by practical experience, from solubility or computational models, or if an increase in orthophosphate dose produced no further worthwhile improvement. It was also stated that a water supply system could be considered optimised if a sufficient number of RDT samples had been taken and less than 2% samples exceeded 10 μg/L. This numeric criterion was adopted by most water companies as their target for optimisation, despite the DWI's initial preference for optimisation to be demonstrated by fixed point stagnation sampling. In practice, stagnation sampling from houses was found to be difficult to sustain, similar to experience in the USA (International Water Association ), and the use of lead pipe test rigs was only partially successful. Importantly, the DWI followed up the progress being made by water companies with technical audits. Once concluded, optimisation schemes were reported formally. All optimisation schemes were subject to legally binding agree- Initial concerns about RDT sampling Table 1 provides a summary of RDT results, both before and after the introduction of orthophosphate dosing, for a water supply system in the UK, taken as an example from the optimisation schemes reported by Hayes et al. () .
Prior to orthophosphate dosing, the percentage of samples exceeding 10 μg/L varied in each year by ±50% of the mean over the period shown, typical of the variation that (approximately ±50%) being similar to that observed by actual RDT sampling in the example given in Table 1 .
After the introduction of orthophosphate dosing to the water supply system concerned (Table 1) , the levels of failure observed were much lower and once the orthophosphate dose and its effect had stabilised throughout the distribution system, failure levels became consistently very low. The averaged results, both before and after the introduction of dosing, closely matched the predicted results (also averaged) from computational modelling (Table 1) . In a recent modelling study (Hayes & Croft ) the extent of variation between simulated RDT surveys was found to reduce for higher numbers of samples, from which it can be concluded that by aggregating data from several years the year by year variation will become less important. Aggregating RDT sampling data over five or more years (when available), both before and after the commencement of orthophosphate dosing, was undertaken for all treatment schemes that were optimised in Wales, in order to determine the most representative positions (Hayes et al. ) .
What has been achieved, based on RDT sampling
The numbers of RDT samples taken for lead in England and
Wales over the period 2005-2010 are shown in Table 2 Table 1 ). Although the zonal sampling frequencies were generally fairly low on an annual basis, regional aggregation results in substantially more data from which conclusions can be drawn. The numbers of samples identified in Table 2 help put the monitoring workload in England and Wales into perspective.
The summary results from this monitoring are given in Tables 3 and 4 Tables 3 and 4 provide several further insights:
• Optimisation of orthophosphate dosing in the Thames region took several years more than in the other regions to achieve the DWI's target of <2% RDT samples exceeding 10 μg/L.
• Better than 99.5% compliance with 10 μg/L has been achieved intermittently in four out of seven regions, implying that 99.5% compliance could be considered as a national target.
• Across England and Wales, 99.8% compliance has been achieved with 25 μg/L (the current standard) fairly consistently over the period 2005-2010.
• Better than 99.9% compliance has been achieved with 25 μg/L intermittently in four out of seven regions, implying that 99.9% compliance could be considered as a national target.
These very high levels of regional and national compliance demonstrate what can be achieved by orthophosphate dosing and exceeded initial expectations.
Based on the standard of 10 μg/L, which is also the current WHO guideline value (World Health Organization ), the risk to children from lead in drinking water has been reduced in England and Wales from about one in five to 1 in 100. As four out of the seven regions in England and Wales have already achieved 99.5% compliance in at least one year (Table 3) , it is reasonable to conclude that this higher level of compliance could be achieved by further Other reasons for failure can be: 
EXPERIENCE WITH STAGNATION SAMPLING METHODS
Thirty minutes stagnation (30MS) sampling has been used successfully in some circumstances. The sampling protocol involves flushing the domestic pipe-work for at least 2 minutes, allowing the water to then stagnate for 30 minutes, and then taking the first litre drawn from the cold water tap in the kitchen. 30MS sampling can be used to benchmark treatment changes using selected houses which have a lead service pipe. The advantage is that in situ lead pipes can pro- In a water supply system in Western England (International Water Association ) routine 30MS from four reference houses over an eight-year period was able to differentiate between two orthophosphate doses (1.0 and 1.4 mg/L as P) and revealed that it took 2-3 years for the lead pipes to fully respond to each dose, much longer than had been anticipated. In Eastern England this lag in responding to an orthophosphate dose was between 6 and 12 months for supplies fed by high quality chalk groundwater (International Water Association ). These observations have considerable relevance to the optimisation of corrosion control systems generally, regardless of monitoring method.
Benchmark 30MS sampling was difficult to sustain at many houses as home-owners' co-operation waned.
Most water companies opted to install lead pipe test rigs that were designed to provide automatically a 30MS sample 
PRIVATE WATER SUPPLIES
There are about 75,000 privately owned water supplies across the UK, serving 1.3 million people which is 2% of Computational modelling predicts non-compliance with a potential standard of 1 μg/L for supplies with optimised orthophosphate to be no better than around 25% in a zone where 50% houses have a lead pipe and suggests that high levels of compliance with such a low standard would not be feasible by water treatment measures alone. This is illustrated in Table 6 for a range in circumstances.
High levels of compliance with a lead standard much lower than 10 μg/L would only be feasible by the total replacement of lead service pipes, including the portions owned by the house-holder. As observed in several case studies (Drinking Water Inspectorate ; International Water Association ), house-holders are mostly reluctant to co-operate because of the costs and inconvenience involved.
It would seem that legislation will be required that forces house-holders to co-operate. One way would be to insist that houses are certified as lead-pipe free at the time of sale or letting (Chartered Institution of Water and Environmental Management ) but this would take many years to become fully effective.
Even once all lead pipes have been removed, the legacy of using brass fittings containing lead and the legacy of using leaded solder to join copper pipe-work could require the continuation of optimised plumbosolvency control treatment in order to continue to minimise concentrations of lead in drinking water.
The European dimension
Elsewhere in Europe, the position appears less satisfactory (Hayes & Skubala ) due to widespread sampling inadequacies and the failure of the EU directive to be properly implemented in relation to the lead parameter. Limited data on the occurrence of lead pipes suggests that up to The UK's experience in using RDT sampling reinforces these recommendations and should encourage other EU countries to develop their lead in drinking water control strategies on the basis of this monitoring approach.
Orthophosphate dosing perspectives
To address the widespread problem of lead in drinking water, the ultimate goal must be the total removal of all lead pipes. In a few cities, such as Brussels, The Hague The latest guidance to water companies in England and
Wales now includes a greater emphasis on the identification of any remaining high lead concentration 'hot-spots' as part of an annual risk assessment process, with selective lead pipe replacement the likely outcome. However, the replacement of home-owners' lead pipes at domestic premises will continue to be voluntary and require the home-owners' cooperation. In the absence of further legislation to force home-owners to replace their sections of lead connection pipes, the only comprehensive way to provide public health protection will be to continue to reduce the plumbosolvency of the water supplies by the use of corrosion inhibitors. Orthophosphate is the most effective for this purpose but dosing must be optimised if lead concentrations are to be minimised sufficiently.
The UK is not alone in using orthophosphate for plumbosolvency control, but is unique in relation to the extent to which orthophosphate has been used and its level of optimisation. Optimisation requires not only the application of the correct amount of orthophosphate, which has been found to be water supply specific, but for other water quality conditions to be appropriate, particularly pH, and organics and iron particulates which have been found to be important and may need to be controlled by supplementary measures.
There are relatively few published case studies on the use of orthophosphate for plumbosolvency control, particularly ones that address dose optimisation in such a comprehensive manner, and for these reasons the experience gained in the UK should provide a good reference point for similar treatment elsewhere in the future.
CONCLUSIONS
On the basis of the extensive experience gained over many years in the UK, it can be concluded that:
1. RDT sampling has succeeded in demonstrating the need for corrective action and the benefits of optimising orthophosphate dosing.
2. Public health protection depends closely on the survey protocol used. Slight differences in protocol or its interpretation can significantly affect conclusions.
3. Optimised orthophosphate doses are system specific and will benefit from natural organics and iron discolouration control. Following the clean-up of the UK's distribution networks, particulate lead is no longer considered to be a problem.
4. There is scope for the UK to improve the current 99% compliance with 10 μg/L by further optimisation of orthophosphate dosing and by selective lead pipe removal, possibly to 99.8%; residual non-compliance might then be followed up by specific investigations, possibly including blood lead surveillance.
5. RDT sampling as practised in the UK is adequately representative and the aggregation of RDT results over several years or over regional areas strengthens the conclusions that can be drawn from such sampling, enabling the success of orthophosphate dosing to be reliably demonstrated.
6. It is unlikely that optimised corrosion control, that includes the dosing of orthophosphate, will be capable of achieving a standard much lower than 10 μg/L for lead in drinking water.
